Transparent Ce:YAG ceramics were fabricated by the solid-state reaction method with an additional round of pre-calcining using nanopowders of Ce 2x Y 2−2x O 3 (x = 0.001, 0.01, 0.03 and 0.05) and Al 2 O 3 synthesized by laser ablation. Additional pre-calcining of the nanopowder mixture in air was used to partially transform the oxides into the YAG phase before sintering. The transmittance of the obtained 2-mm-thick Ce:YAG ceramics was over 81 % in the wavelength range of 500-900 nm. The average volumes of the scattering centers in the obtained ceramics were evaluated by direct count method to be 34, 74, 53, 50 ppm for 0.1, 1, 3 and 5 % Ce doping concentration, respectively. The absolute light yields, energy resolutions under 662 keV gamma ray, and decay curves of scintillations of the fabricated Ce:YAG samples were measured and compared to those of Ce:YAG and CsI:Tl single crystals.
Introduction
Most of the scintillation materials used in ionizing radiation detectors have been obtained in a single crystalline form. It is well known that growing high melting point scintillation crystals is time-consuming and expensive. For this application, one of the most promising approaches is to replace single crystals by ceramic materials. For example, to date, several scintillation ceramics have been successfully used in medical imaging devices (General Electric's premium X-ray CT) [1, 2] .
The important factors that influence the scintillation properties include a high optical quality of material, effective atomic number, decay time of scintillations, and uniformity distribution of activator ions in the host lattice. Growing high-quality large-sized single crystals with a homogeneous dopant distribution is difficult due to doping gradients in the melt. Ceramic technology offers the possibility for fabricating highly transparent and large-sized garnet materials at lower temperatures and with a homogeneous or controlled gradient activator ion distribution [3, 4] .
One of the most famous and most modern ceramic scintillators is a well-known scintillator based on Ce 3+ -doped Y 3 Al 5 O 12 (Ce:YAG) with a garnet structure [5] . YAG is a promising candidate for scintillator applications because of its excellent optical and thermomechanical properties, high electron conversion efficiency, good energy resolution, reasonably fast decay time, mechanical ruggedness and durability, good thermal conductivity, and vacuum compatibility [6] . Ce-doped YAG single crystals and ceramic materials are widely used in medical imaging devices [1, 7] , white LED applications [8] [9] [10] , white high-power LEDs [11] , electron microscopes, β-, soft γ-or X-ray counters and spectrometers, and electron-or X-ray image screens [12] .
Additionally, polycrystalline laser ceramics are extremely attractive materials due to their ease of fabrication, low cost, unlimited dimensions, high doping concentration of activator ions and multifunctional composite structure. To fabricate highly transparent ceramics, it is necessary to obtain thin grain boundaries (∼ 1 nm) and a pore-free structure. There are two main methods for meeting these requirements. In the first approach, referred to as the solid state reaction method (SSR) [13] or the reactive sintering method [14] , commercial oxide powders are mixed together, then the mixture is dried, pressed and sintered to transparency. Thus, the phase transformations of Y 2 O 3 and Al 2 O 3 into Y 3 Al 5 O 12 occur at the vacuum sintering.
According to the second approach [15, 16] , ceramics are synthesized from YAG nanopowder. Chemical coprecipitation route [15, 16] , citrate gel [17] and gel combustion methods [18, 19] are used to produce this type of nanopowder.
However, the optical quality of YAG-based ceramics obtained from nanopowders produced by the laser ablation method is better when phase transformation into YAG partially occurs before vacuum sintering [20] .
In this paper, we fabricate transparent Ce:YAG ceramic samples with different Ce 3+ concentrations and report on the microstructural, optical, radioluminescence and scintillation properties of the obtained ceramics. We believe that the synthesis of nanopowders for transparent ceramics is a key parameter to simultaneously achieve a high doping level and uniform activator ion distribution in bulk ceramic scintillators. In this regard, a laser ablation technique used for the synthesis of raw materials is a very attractive method to produce particles with a complex chemical composition because the required components could be properly and homogeneously mixed at the atomic scale in vapors during the process of evaporation and condensation.
Experimental
The pulse-periodic CO 2 laser LAERT (λ = 10.6 µm) [21] was used to produce nanopowders. The main laser parameters at the synthesis of nanopowders were as follows: average power P = 600-800 W, peak power P p = 10-11 kW, half-height duration τ l = 200 µs, pulse repetition rate f = 500 Hz.
In the present study, coarse α-Al powder) was compacted with a uniaxial static press at the pressure of 10 MPa. Subsequently, the targets were sintered at 1300
• C for 5 h in air so that prepared targets would not be destroyed under the action of laser radiation during the synthesis of nanopowders. After sintering, the laser targets were 60 mm in diameter and 19 mm in thickness.
The Ce 3+ :Y 2 O 3 nanopowder was produced at evaporation of 0.1, 1, 3, 5 at.% Ce 3+ :Y 2 O 3 target material with eventual condensation of vapor in air flow. Particles are weakly agglomerated and have a weakly faceted nearspherical shape. Fig. 1(c) shows the size distribution of Ce 3+ :Y 2 O 3 nanopowder ( Fig. 1(a) ) after sedimentation. Sedimentation of nanopowder after laser evaporation was used for removal of splinters of a target and drops of material. The distribution peak is realized at 13 nm, the average particle size being 13 nm. According to the BET analysis (TriStar 3000), the specific surface area of the Ce • C for 30 min. XRD analysis of annealed nanopowder on D8 Discover diffractometer has shown that content of the cubic phase at these annealing conditions is equal to 100 %. According to the BET analysis, the specific surface area of the Ce 3+ :Y 2 O 3 particles after annealing was 18.12 m 2 /g, thus showing that the average particle size increased from 11 to 71 nm.
The laser method also was used for producing of Al 2 O 3 nanopowder. Fig. 1(c) shows the size distribution of Al 2 O 3 nanopowder ( Fig. 1(b) ) after sedimentation. Particles are weakly agglomerated and have a weakly faceted near-spherical shape. The distribution peak is realized at 13 nm, the average particle sizes 13 nm. According to the BET analysis, the specific surface area of Al 2 O 3 nanopowder was 82.96 m 2 /g. XRD analysis on D8 Discover diffractometer showed that the content of main γ-Al 2 O 3 crystalline phase is 90 wt.%. Also, there is a low-temperature δ-Al 2 O 3 phase with a content of 10 wt.%. Al 2 O 3 nanopowder has been annealed in air at 1200
• C for 3 h to receive one phase α-Al 2 O 3 . XRD analysis of annealed nanopowder on D8 Discover diffractometer has shown that content of the α-Al 2 O 3 phase at these annealing conditions is equal to 100 %. According to the BET analysis the specific surface area of the ) and mixed with ethyl alcohol and 0.5 mas.% sintering aid tetraethyl orthosilicate (TEOS). The mass ratio of nanopowder, balls and ethanol was 1 : 4 : 8, respectively. Then, the mixed slurry was ball milled in a plastic bottle with YSZ balls for 48 h. After ball milling the slurry was dried using the vacuum rotary evaporator and then annealed at 600
• C for 3 h to remove organic impurities. The compact was prepared from the powders with Ce 3+ :YAG crystal structure. For preparation of Ce 3+ :YAG powder, the mixture was compacted into pellets with relative density of 20 %. Then, the pellets were annealed in air at 1200
• C for 3 h. XRD analysis on D8 Discover diffractometer showed that the content of YAG phase in the pellets was 96-98 %. Additionally, the pellets were ball milled in ethyl alcohol with YSZ balls for 48 h. The received powder was uniaxially pressed into disks with a diameter of 15 mm and a thickness of 2-4 mm at 200 MPa. The density of green body was 2.2 g/cm 3 (relative density of 48 %). Then compact was annealed in air at 800
• C for 3 h to remove the organic impurities. The compacts were sintered at 1780
• C for 20 h in a high temperature vacuum furnace under 3 · 10 −5 mbar vacuum during holding and then annealed at 1300
• C for 5 h in air. The as-synthesized samples of transparent Ce:YAG were 10 mm in diameter and 2 mm in thickness and are presented in Fig. 2.   FIG. 2 . Photograph of as-synthesized Ce:YAG ceramics (10 × 2 mm)
The microstructural properties of ceramic Ce:YAG samples were measured using optical microscope OLYM-PUS BX51TRF-5.
The optical transmittance and absorption spectra of the obtained Ce:YAG ceramics were measured using a Shimadzu UV-2450 spectrophotometer in the 200-900 nm wavelength range. The X-ray luminescence (XRL) spectra and decay curves were measured using a setup ASNI-ROSTT (experimental physics department, UrFU) on the basis of an MDR-2 monochromator. The XRL channel is equipped by an URS-1 X-ray source (40 kV, 10 mA, W-anode) and a Hamamatsu R928 photomultiplier (180-900 nm). The measurements of decay curves were carried out using a pulse electron gun (pulse duration 15 ns, energy 150 keV), FEU-39 photomultiplier and Tektronix TDS5034B oscilloscope with a 50 Ohm load.
The scintillation properties of ceramic Ce:YAG samples were measured using a "Spectr-1" certified setup equipped by an FEU-130 photomultiplier, spectrometer and spectrometric amplifier "Aspect". The 137 Cs and 239 Pu were used as γ-and α-source. A CsI-Tl single crystal with 10 × 2 mm size was used as a reference scintillator. Figure 2 shows the photograph of the sintered ceramics obtained after annealing and polishing. The samples appear transparent for all doping concentrations and have a yellow color which is conventional for such material. Figure 3 shows the photograph of surfaces of a double polished Ce:YAG ceramics samples after annealing at 1350
Results and discussion
• C for 5 h and thermal etching. The average grain size is not dependent upon the Ce 3+ dopant concentration and is 17 µm. There is scattering centers of various sizes.
FIG. 3. The photograph of surfaces of a double polished Ce
3+ :YAG ceramics samples
The distribution of the scattering centers at various depths throughout the sample was calculated using optical microscope OLYMPUS. The central area of the samples was scanned at intervals of 50 µm with the volume of a sample under analysis being 577 × 433 × 50 µm 3 . We failed to separate pores from secondary phases, so they were summarized.
The scattering centers were conditionally divided into large -more than 2 µm and small -less than 2 µm. The dimensions of large formations were calculated specifically for each one. As the small scattering centers were usually spherical, therefore for calculation of porosity the average volume of such centers was multiplied by quantity.
The distribution of scattering centers was comparably homogeneous. In some layers, there were large scattering centers with a diameter of more than 10 µm that led to significant differences between the concentrations of scattering centers for two nearby layers.
The content of the secondary phases and concentration of pores was 34, 74, 53, 50 ppm for 0.1, 1, 3 and 5 % of Ce 3+ , respectively. The transmission spectra of 2-mm-thick Ce:YAG ceramics are shown in Fig. 4 . As can be seen from the figure the highest transmittance of over 81 % in the range of 500-900 nm has the sample with the lowest doping level of Ce 3+ (0.1 at.%). The optical transmittance of samples depends on the Ce 3+ dopant concentration and is equal to 72 and 77 % for 1 % and for 3 % and 5 % of Ce 3+ , respectively. In the transmission and absorption spectra 4f → 5d 1 and 4f → 5d 2 absorption bands of trivalent cerium are observed at 337 and 457 nm. With an increase in the Ce 3+ content, the absorption bands become stronger and the edge of the transparent region near 500 nm is shifted to the right side. The change of the edge position leads to a color modification of samples (Fig. 3) . The bands located below 340 nm with the maxima at 225, 258 and 301 nm can be attributed to absorption transitions in Ce 4+ -centers. A similar fine structure of absorption bands in Ce:LuAG and a description of Ce 4+ -centers formation in a garnet host was reported in [22] .
The XRL measurements of the fabricated ceramic samples show that the bright d-f luminescence of Ce
3+
is observed in the 425-700 nm region with a maximum at 527-545 nm. The XRL spectra consist of two luminescence bands attributed to 2 D→ 2 F 7/2 , and 2 D→ 2 F 5/2 transitions in Ce 3+ ions [23] . The maximum intensity of luminescence has the sample with 1 at.% of Ce. An increase in the cerium concentration from 1 to 3 and 5 at.% leads to concentration quenching of luminescence and the intensity of XRL is reduced (Fig. 5) . For various Ce concentrations, the positions of maxima are changed due to the variation of the absorption edge near 470-520 nm (Fig. 4) .
Besides the Ce 3+ luminescence bands, the luminescence of self-trapped excision (STE) in YAG [24] is observed in the 250-450 nm region (Fig. 5) . The shape of the STE band is due to the shape of Ce 3+ absorption bands (see Fig. 4(b) ). The intensity of the STE band decreases with an increase in dopant concentration. The STE band is almost completely absent in samples doped with 3 and 5 % of Ce. The observed narrow band at 312 nm (Fig. 5 ) is attributed to a well-known f -f transition in uncontrolled Gd 3+ impurity ions. For a detailed study of energy relaxation processes in Ce:YAG ceramics, the decay curves (Fig. 6 ) under a pulse electron beam were measured. The decay parameters (Table 1) were measured in the 545 nm band (for 0.1 % Ce also in 390 nm) and identified through the fitting procedure which was performed using the expression with the sum of two exponents, I (t) = A 1 e −t/τ1 + A 2 e −t/τ21 , where A i -intensity of component, τ i -decay constant of the decay curve.
The decay curve measured in the STE band at 390 nm had fast and slow components (Fig. 6 , the decay parameters for the STE band are presented in Table 1 ). The fast component was attributed to a relaxation of a convenient STE which was localized at Al-sites. The slow component can be attributed to the relaxation of the defect-bound exciton (DBE). The Y 3+ Al antisite defects are likely possible defects for the DBE creation in the YAG host [24] .
The decay curve measured in the Ce 3+ band at 545 nm also had two components (Fig. 6) . Table 1 shows that with an increase in the Ce 3+ concentration, the decay constants decreased from 110 to 26 ns for the fast component Table 1 ) of the fast component increases with an increase in the Ce 3+ concentration. However, the intensity of the slow component in the decay curve of highly doped (3 and 5 %) samples was negligible and practically the entire part of the Ce 3+ luminescence had a fast decay time.
The fast component of the decay curve for the sample doped with 5 % of Ce 3+ is 26 ns. A similar value of decay time (∼ 28 ns) was reported for the luminescence decay of YAG nanoparticles doped with 4 at.% of Ce [25] . The short decay time for the luminescence of Ce 3+ ions in YAG host is unusually low and can be connected with a concentration quenching effect. The decay time variation of the luminescence for the Ce 3+ band in YAG for various dopant concentrations was also presented in [26] .
The slow decay component of Ce 3+ luminescence is usually connected with the involvement in the relaxation processes of point defects such as oxygen vacancies, which can be shallow traps for charge carriers. The presence of such shallow traps significantly increases the decay time of luminescence due to the absorption and reabsorption of charge carriers. The decrease of decay time and the intensity of the slow component with an increase in the Ce 3+ concentration indicates the reduction of or/and transformation of point defects in the YAG lattice. This explanation also seems plausible since the decay curves of the samples doped with 0.1, 1 and 3 at.% of Ce
have a region of increase (see inset in Fig. 6 ). The durations of this increased region in the decay curves decrease with an increase in Ce concentration. The presence of the region of increase in the luminescence decay curve usually indicates the intermediate localization of the charge carriers in the shallow traps and reflects the migration processes of electronic excitations in the crystal lattice. However, for the sample doped with 5 at.% of Ce 3+ , the region of increase for the decay curve is absent (Fig. 6) . Conversely, the observed behavior of the decay parameters of the Ce 3+ -center luminescence (for the fast and slow components) appears to be an influence of the concentration quenching effect on relaxation processes. In addition, the content of Ce 4+ -ions in the YAG lattice can affect the efficiency of non-radiative relaxation by the Ce 3+ → Ce 4+ interaction channel. The origin of the very fast luminescence decay of Ce 3+ in highly doped YAG needs further study.
In order to determine the scintillation properties of the obtained Ce:YAG ceramics, the pulse-height spectra (PHS) were measured under α-and γ-source excitations. The pulse height spectra are presented in Figs. 7 and 8 . The main parameters of ceramic Ce:YAG samples are presented in Table 2 . The data for YAG ceramic and single crystal is also presented for comparison. A commercial CsI:Tl scintillator with the same sizes is used as a reference sample. ALY was calculated using a CsI:Tl single crystal. As can be seen from Table 2 , YAG doped with 1 at.% of Ce 3+ has a the highest absolute light yield and the lowest α/γ ratio among the other investigated Ce:YAG samples. Energy resolutions of the fabricated ceramic scintillator are not high (10-15 %) due to a low effective atomic number. The resolution can be increased using thicker samples. 
Conclusions
Nanopowders of Ce 2x Y 2−2x O 3 (x = 0.001, 0.01, 0.03, and 0.05) and Al 2 O 3 synthesized by laser ablation were used to fabricate transparent Ce:YAG ceramics via a solid-state reaction method with an additional round of pre-calcining. The microstructural, optical, radioluminescence and scintillation properties of the obtained ceramics were investigated. The content of the secondary phases and pore concentration in most transparent (81 % in the range of 500-900 nm) Ce:YAG ceramic sample with 0.1 % of Ce 3+ was 34 ppm. The average grain size did not depend on the Ce 3+ dopant concentration and was 17 µm. The Ce:YAG ceramic sample with 1 % of Ce
3+
gave the most intense luminescence and highest absolute and relative light yields under α and γ ionizing radiation. However, the Ce:YAG ceramic sample doped with 5 % of Ce 3+ gave the best kinetic characteristics. The 5 % Ce:YAG has the main fast component with a 26 ns decay time and a negligible weak slow component with a decay time of 338 ns. Herewith, the ALY was slightly less than that of 1 % Ce:YAG.
A ceramic Ce:YAG scintillator can be attractive for positron emission tomography (PET) and similar devices owing to the applicability for any system with photodiode registration and short decay times.
